A visible-pump͞UV-probe transient absorption is used to characterize the ultrafast dynamics of bacteriorhodopsin with 80-fs time resolution. We identify three spectral components in the 265-to 310-nm region, related to the all-trans retinal, tryptophan (Trp)-86 and the isomerized photoproduct, allowing us to map the dynamics from reactants to products, along with the response of Trp amino acids. The signal of the photoproduct appears with a time delay of Ϸ250 fs and is characterized by a steep rise (Ϸ150 fs), followed by additional rise and decay components, with time scales characteristic of the J intermediate. The delayed onset and the steep rise point to an impulsive formation of a transition state on the way to isomerization. We argue that this impulsive formation results from a splitting of a wave packet of torsional modes on the potential surface at the branching between the all-trans and the cis forms. Parallel to these dynamics, the signal caused by Trp response rises in Ϸ200 fs, because of the translocation of charge along the conjugate chain, and possible mechanisms are presented, which trigger isomerization.
T he different biological functions of retinal proteins (vision, ion pumping, light signaling, etc.) rely on the ultrafast isomerization of the retinal chromophore (1) . This process has been intensively investigated by fs pump-probe and f luorescence up-conversion spectroscopy in the visible (VIS) and͞or near-IR (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) , revealing the retinal excited-state dynamics before isomerization and the build-up of the isomerized form. Time-resolved VIS-pump͞mid-IR probe experiments on bacteriorhodopsin (bR) established that the isomerization time is Ն400 fs (14) . Indeed, the excited-state lifetime of 300 -500 fs (12, 15) goes hand-in-hand with the rise times observed for the 13-cis photoproduct (3, 4, 14) , whereas a longer time scale of 3-4 ps has been attributed to vibrational relaxation of the photoproduct (14) .
The mechanism leading to the isomer is still subject to debate. Using Ͻ5-fs pulses, Kobayashi et al. (11) were able to monitor changes in the high-frequency vibrational spectrum of the excited state, suggesting that retinal is in a twisted, nonplanar configuration during the initial 200 fs. They also showed that the high-frequency modes were modulated with a period of Ϸ200 fs, corresponding to the low-frequency torsional modes observed in transient absorption experiments at 800-nm probe wavelength (16) . That the system is all-trans-like during the first 200 fs is in line with Zhong et al. (17) , who carried out transient absorption studies on wild-type bR and bR reconstituted with retinal analogs that cannot undergo isomerization and found identical dynamics during the initial 200 fs. In addition, McCamant et al. (18) recently showed by fs-stimulated Raman spectroscopy that the high-frequency modes (1,000-1,500 cm Ϫ1 ) decay on a time scale of Ϸ250 fs. They argued that this observation points to the excited-state population evolving to a new, Raman-silent con-figuration. They further suggested that the initially active Franck-Condon modes relax to lower-frequency modes that are not directly excited by the pump pulse.
All of these studies point to a dynamical process in the first 200-250 fs, which precedes isomerization and activates the low-frequency torsional modes. In a recent report (19) , we presented results of a fs VIS-pump͞UV-probe transient absorption study of bR, in which we followed the response of the tryptophan (Trp) residues close to retinal, after excitation of the latter. We found that the Trp response evolves on a time scale of 150-200 fs and showed that it results from the longhypothesized (20, 21) translocation of charge along excited retinal, which increases the difference dipole moment with respect to the ground state. The translocation of charge therefore appears to temporally coincide with the decay of the high-frequency modes, yet its exact role in the isomerization process is not known. In addition, given that the coherence of the low-frequency torsional modes lasts longer (11, 16) than the isomerization time (14) , the question is raised as to a coherent formation of the photoproduct. Indeed, in the case of rhodopsin, impulsive formation of the all-trans photoproduct was reported (22) , which then undergoes low-frequency coherent oscillations observed over 2 ps.
The use of UV probe wavelengths near 300 nm opens intraretinal observation windows, which provide additional insight into the ultrafast dynamics. Here, we report on transient absorption measurements, with specific spectroscopic fingerprints of the all-trans retinal, the Trp, and the photoproduct, and we identify the formation of a transition state by an impulsive mechanism, caused by arrival of a wave packet of torsional modes along the isomerization coordinate. We believe that this particular behavior was hidden in the traditionally investigated red part of the spectrum (600-800 nm) (3, 5, 9, 23) , because of overlapping absorption and stimulated emission contributions of the all-trans and cis photoproduct. We also present mechanisms by which the translocation of charge along retinal triggers the isomerization, once the system is in the transition state.
Results
Figs. 1 and 2 show a representative selection of the transient absorption changes between 265 and 306 nm of WT bR upon excitation at 560 nm. Similar transients were obtained for the W182 mutant, to which we come back later.
The bleach transients, already discussed in ref. 19 , are identical for probe wavelengths from 265 to 280 nm ( Fig. 2) . Between 280 and 294 nm, a positive contribution adds up to the bleach, gradually building up, to become overwhelming. Above 296 nm, the signal is entirely positive, with a first component, which is steeply rising at early times, followed by a second component showing an additional rise and a multiexponential decay. These features are best seen in Fig. 3 Inset, where we reproduce the early times of the 296-nm transient. The relative contributions of the two components change as the probe wavelength is tuned to the red, with the early time component ultimately dominating the signal for the red-most probe wavelengths. The data provide an intrinsic clock of the dynamics as the rise of the bleach signals at Յ284 nm is clearly longer than that of the positive signals (best seen on the transients at Ն300 nm), the latter coinciding with the cross correlation ( Fig. 6 , which is published as supporting information on the PNAS web site, shows a direct comparison between the 280-and 300-nm transients, where the different rise times appear clearly). The multicomponent character of the transients observed at Ն296 nm is seen in Fig. 3 , where we show the best fit, obtained by using a sum of four exponentials. The fit can evidently not capture the component at early times. Obviously, by increasing the number of rising and decaying exponential components, the residual at early times can be reduced, but at the cost of an unrealistically large number of time constants (Ϸ6), which in addition, bear little relation with those reported for bR (3, 4, 14) . Clearly, the assumption of purely exponential kinetics is inadequate to analyze our data. Therefore, we refrain from using standard global fitting algorithms (24) (25) (26) or Laplace transform approaches (27, 28) , all of which rely on the assumption that the kinetics are exponential. We use our recursive kinetic data decomposition approach, described in detail in Supporting Text, which is published as supporting information on the PNAS web site. Briefly, it consists of extracting pure kinetic traces from the data, in an iterative way, until all pure kinetic traces that make up the data are isolated.
The choice of the first component F 1 (t) is based on the observation that the shape of the time-resolved signals does not change from 265 to 280 nm ( Fig. 2 ). It is very unlikely that in such a large energy range two different kinetic traces are always contributing with exactly the same amplitude ratio. Therefore, the entire bleach at Յ280 nm can be considered to be a ''pure'' transient (i.e., associated to one process). The kinetic traces for 282-to 294-nm probe wavelengths ( Fig. 1 ) obviously differ from F 1 (t) but show a contribution of the latter and additional components F i (t). The wavelength-dependent amplitudes A 1 () are adjusted such that they account for the early negative portion of these time traces. Subtracting A 1 () F 1 from the kinetic traces at 282-294 nm results in residuals with a steeply rising component, followed by a slower rise and a decaying component (squares in Fig. 1 ). The steep rise does not start at t ϭ 0, as confirmed by averaging these residuals, which then form the second transient F 2 , shown in Fig. 4a . As at the blue-most wavelengths the amplitude of this component is relatively small (Fig. 1 ), only the F 2 contributions in the kinetic traces from 288 to 294 nm were considered for the average.
As the bleach feature disappears for Ͼ 294 nm, it is very plausible to assume that A 1 () is negligible for increasing wavelengths. The amplitude of F 2 , however, is still increasing for larger and dominates the signal at 292 and 296 nm. The delayed rise of F 2 is consistent with the peculiar two-step rise behavior of the kinetic traces Ϸ296 nm ( Fig. 3 ). For probe wavelengths Ͼ 296 nm, the kinetic traces exhibit the components mentioned above: a first steeply rising one at t ϭ 0, followed by additional, delayed rising and decaying components caused by F 2 . The first steep rise obviously suggests the existence of a third positive component, F 3 . When subtracting A 2 ()F 2 from the timeresolved signals of 300-304 nm [the A 2 () amplitude is adjusted by assuming that it dominates the signal amplitude at long delay times (8-13 ps)], we obtain the third component, F 3 , shown as triangles in Fig. 1 . Remarkably enough, the recovered F 3 traces are identical at all probe wavelengths, confirming the consistency of our decomposition. As F 2 and F 3 contribute with comparable strength to the kinetic traces at 296 and 298 nm, their amplitudes have been adjusted by a nonlinear fit algorithm using all three F i s. It turns out that using F 1 does not really improve the fit, and we exclusively used F 2 and F 3 for these wavelengths. The data on the W182 mutant were independently decomposed by the same method, and the resulting transients overlap perfectly those of the WT (Fig. 4a ), supporting once more the consistency of our decomposition.
One may argue about the small differences between the transient F 2 and the residuals found after subtracting F 1 in the kinetic traces of 284 and 288 nm ( Fig. 1 ). If we carry out the decomposition in the other direction, i.e., subtracting the F 2 transient from the shorter wavelength time traces, the residuals of all decay curves match well with the F 1 transient, which is the dominating contribution at these wavelengths. Therefore, we disregard the small variations in the F 2 fit transient. For 306 nm and further to the red, an additional low-amplitude component, F 4 , is needed to reproduce the data (solid line in Fig. 1 ). This component is probably caused by ground-state bleach in a retinal absorption band at 306 nm and will not be discussed here.
F 3 is the only transient that rises within the cross-correlation time from t ϭ 0. The fit of F 3 (Fig. 5b ) reveals two decay times: 1 ϭ 290 fs (amplitude A 1 ϭ 0.25) and 2 ϭ 1.1 ps (A 2 ϭ 0.75), although constants such as 1 ϭ 600 fs (A 1 ϭ 0.7) and 2 ϭ 2 ps (A 2 ϭ 0.3) fit just as well the curve. Our weak UV signals do not allow us to specify the decay times with more precision. F 2 exhibits an onset at 250 Ϯ 20-fs delay, followed by a steep rise and an additional slower rise, that precedes a decay. It is best-fitted by using, for the steep rise, a Gaussian with a half width at half maximum of Ϸ150 fs, and exponentials consisting of a rising component of 470-fs time constant and a decay component of 3.8-ps time constant, until the signal reaches a constant long-time offset (Fig. 5a ). An alternative fit with a 300-fs rising component and a 3.8-ps decay shows more deviations, especially in the signal rise (dashed lines, Fig. 5a ). The delayed rise of F 2 is in full agreement with the peculiar structure of the long-wavelength transients mentioned above (Fig. 1 , 296-306 nm). In these transients, F 3 is responsible for the fast rise and the ''peak'' at early times, whereas F 2 generates the characteristic shoulder at later times (400-800 fs). The need for a time delay of Ϸ250 fs is most clearly seen in the shape of the 296-nm signal transient, where the signal is maximal at 400-500 fs (Fig. 3) . The peak in the rising edge dominating at 304 and 306 nm can only be reproduced by a sharply rising F 3 . These observations justify a posteriori the above assumptions for adjusting the amplitudes used in the sequential subtractions. F 1 , the only bleach transient, exhibits a rise time longer than the cross correlation, as already discussed in ref. 19 . It rises on a 150-to 200-fs time scale and recovers in a biexponential fashion with time constants of 1 ϭ 420 fs, 2 ϭ 3.5 ps, typical of retinal, and a constant signal ϱ (19) . The wavelength-dependent amplitudes of the transients F i (t) are shown in Fig. 4b for WT bR and the W182F mutant. Just as with the kinetic traces (Fig. 4a) , similar spectral features appear for both species. As already discussed (19) and shown in Fig. 4 Inset, A 1 () maps the Trp absorption. A 2 () has a maximum at 294 nm and, probably, a second one at 302 nm. Spectrum A 3 () has an onset at 296 nm and a maximum Ϸ305 nm. Interestingly, A 1 () is nearly twice as intense in the mutant as in WT bR, whereas A 3 () appears more intense in the latter.
Discussion
Having identified three individual transients, we now examine their time dependence in more detail and their assignment to either of the two chromophores involved in these experiments, namely retinal and Trps. Finally, the ultrafast kinetics is discussed in relation to studies carried out by probing the response of retinal itself.
The Tryptophan Response. We already discussed the reasons to attribute transient F 1 to Trp-86 (19) . Brief ly, these were: (i) The transients are independent of the probe wavelength over Ͼ2,000 cm Ϫ1 (265-280 nm), suggesting that a single species contributes. (ii) It cannot originate from retinal, as a retinal bleach transient would follow the instrument response without additional rise time (Fig. 2) . (iii) The wavelength dependence of the maximum amplitude maps very well the L a -absorption band of Trp, as seen in Fig. 4b Inset. (iv) The response is identical in the W182 mutant.
The Trp response mirrors the changes of the permanent dipole moment of retinal after excitation, as was rationalized by modeling the excitonic coupling between retinal and the nearest two Trps (86 and 182) (19) (14) . The factor of Ϸ1.8 increase in the amplitude of A 1 for the mutant was also reproduced by the model of excitonic coupling. It results from the three-body interactions, including nonadditive contributions, which is the case with interactions involving polarizability. (10, 31) or excited-state absorption at 460 nm (23) .
Regarding the F 2 component, the steep Gaussian rise of Ϸ150 fs is followed by an additional rise time of Ϸ500 fs corresponding to the isomerization time of retinal (14) and the growth of the J intermediate, whereas the 3-to 4-ps decay and the observation of a nondecaying signal at long times resemble very much the absorption changes in the 590-to 610-nm region, caused by vibrational relaxation, and the s lifetime of the K intermediate, respectively (3, 4, 9) . Therefore, F 2 can unambiguously be identified as a near-UV signature of the photoproduct. The delayed onset of Ϸ250 fs and its steep rise clearly point to an impulsive formation of the photoproduct, most likely after wave packet evolution on a potential surface that is spectroscopically ''dark'' for the UV probe photons before Ϸ250 fs. As emphasized above, the delay in the appearance of the signal is not a product of the recursive kinetic data decomposition method. F 2 is detectable at 292-306 nm, where the near-UV signal is composed of not more than two components. In contrast, in VIS-pump-probe experiments the early part of the transients at 620 -700 nm, commonly attributed to the J and K intermediates (3, 4, 11) , is congested because of the overlapping contributions of stimulated emission and excited-state absorption (9) , which do not allow isolating a specific spectroscopic signature of the photoproduct. Because the Franck-Condon windows for the probe pulse are strongly sensitive to the conformation of the molecule in polyatomic molecules, and in conjugate chains in particular (32) , it is likely that the F 2 signal appears once retinal has undergone a structural change significant enough to open a new spectroscopic window for the probe pulse. This picture provides a clear confirmation to the conjectures of refs. 11, 18, and 16, which underscore this time scale as characteristic for the formation of a transient twisted excited state before isomerization.
Our pump pulses can excite high-frequency skeletal modes in 1,150 -1,250 cm Ϫ1 (26-to 28-fs period), caused by in-plane bending coupling with the C-C stretching modes, and in 900 -1,000 cm Ϫ1 (33-to 37-fs period) caused by hydrogen-outof-plane (HOOP) modes (11) , eventually with formation of a wave packet of the latter. These high-frequency modes will then relax to lower-frequency modes, in particular the torsional modes at 170 cm Ϫ1 (196 fs). In ref. 18 , the decay of the CϭC, C-C, and HOOP modes was determined to be 260 Ϯ 10 fs. The large mismatch in energy between these modes and the torsional modes would lead to an indirect impulsive excitation of the latter ones. Coherent oscillations have been observed caused by torsional modes in bR, which survive up to Ϸ1 ps, i.e., beyond the formation time of the isomerized photoproduct (16) . The same authors observed similar oscillations (but of lower frequency) in the case of protonated Schiff bases of retinal in solution. Interestingly, these oscillations appear with a phase shift, suggesting that they are not directly excited by the pump pulse. This result supports the view that the lowfrequency modes are created by impulsive excitation from the high-frequency modes.
The delayed onset of F 2 is then caused by the arrival of the wave packet of the torsional mode of 170 cm Ϫ1 in a transition state that represents a twisted configuration, and its Ͻ150-fs initial rise reflects an impulsive formation of the latter. In principle, vibrational recurrences should have been observed in the isomerized photoproduct, superimposed on the rise or decay of the signal, as, for example, in the case of the isomerized photoproduct of rhodopsin (22) . It is not unlikely that such oscillations are present in the F 2 trace, but given the small amplitude of the signals and the subtractive treatment of the data, we could not detect them. Because the recurrences are observed in all-trans retinal (16) , the impulsive formation of the transition state on the way to the photoproduct implies that the wave packet splits in two at the branching of potential surfaces between the two isomers. Interestingly, there appears to be a sharp break in amplitude of the coherences Ϸ200-fs time delay in the transient absorption data of ref. 16 , which may point to a splitting of the wave packet.
The above scenario agrees with the theoretical (33) and experimental evidence (9, 11, 17, 23, 34) for the so-called two-state͞two-mode model. Basically, after ultrafast (Ͻ50 fs) departure from the Franck-Condon region along high-frequency skeletal modes, the molecule undergoes low-frequency torsional motion, coherently excited by the former modes, eventually leading to the isomerization of retinal.
It is interesting to note that the appearance time of Ϸ250 fs for F 2 is close to the time for the translocation of charge along retinal (19) . This result suggests that the latter contributes to increasing the isomerization rate in proteins, as compared with the situation in solutions (35) . The extent to which this effect occurs has, we propose, to do with two effects. On the one hand, the translocated positive charge at the retinal ionone ring is likely to be stabilized by dipolar and polarizable amino acid side chains [Ser-141, Thr-142, Thr-204, Trp-138, and Trp 189 (36) ]. These interactions may lead to a barrier-less energy profile as a function of the torsional angle. On the other hand, and concurrent to the latter, the depletion of positive charge on the Nϩ atom during the excited-state lifetime will also strengthen the H bond to water402, which as a consequence may disrupt the network of H bonds with the negatively charged residues (Asp-85, Asp-212, and Arg-212) (37) , and thus relax the steric hindrances on retinal.
In summary, the following sequence of events in the dynamics of bR emerges from the present results and those of the literature: (i) Excitation of the high-frequency skeletal modes leads to an ultrafast departure from the Franck-Condon region (Ͻ50 fs). (ii) These decay to low-frequency torsional modes on a sub-250-fs time scale (11, 18) , exciting a wave packet of torsional modes, while translocation of charge along the retinal chain occurs (19) . (iii) The transition state, which corresponds to a twisted (but not isomerized) configuration of retinal (11) , is impulsively generated (Fig. 5 ). It also represents the onset for the formation of the isomerized photoproduct and appears to be formed by splitting the wave packet of torsional modes on the excited-state potential surface. (iv) Because the time scales are very close for formation of the transition state and translocation of charge, we believe that the latter sets the stage for the full isomerization by affecting the environment through polarization of residues and disruption of the network of H bonds, relaxing the steric hindrances to isomerization of retinal.
Materials and Methods
The experiment is based on a fs VIS-pump͞UV-probe transient absorption experiment, using two noncollinear optical paramet-ric amplifiers (NOPAs) (38) , pumped at 1 kHz by 400-nm pulses derived from the 460-J output of a regenerative Ti:Sapphire amplifier system. The NOPAs, after compression in fused silica prisms, deliver Ϸ25-fs pulses tunable between 520 and 660 nm (Ϸ1-J pulse energy, 40-to 55-nm spectral width). One of them is tuned to 560 nm for excitation of the retinal in bR, while the second one is frequency-doubled in a 0.15-mm-thick ␤-barium borate (BBO) crystal followed by a UG11 filter (Schott, Mainz, Germany) so as to remove the fundamental. The acceptance angle of the second harmonic generation crystal caused some limitation of the spectral bandwidth of the UV probe pulses, which gives us a useful spectral resolution of Ϸ2 nm. The width of the VIS͞UV cross correlation at the position of the sample was 80-90 fs. It was measured by difference frequency mixing in a 50-m BBO crystal placed behind a 2-mm quartz window to mimic the flow cell front window. The pump beam excitation density was Ϸ350 J͞cm 2 , corresponding to 30% photolysis, which was a compromise between low excitation power and high signal-to-noise ratio. For parallel polarization of pump and probe pulses, a ͞2 retarder plate rotated the linear polarization of the pump beam.
Purified purple membrane patches of WT bR and the W182F mutant isolated from Halobacterium salinarum were prepared in a suspension buffered at pH 7.0. In the mutant, Trp-182 is replaced by a spectrally silent phenylalanine in our probe region. The bR sample had an OD of 5.0 per cm at 568 nm and 9.0-9.5 at 280 nm (without correction for scattering). The sample was circulated by a peristaltic pump through a small-cycle volume flow cell (39) with 200-m path length. Refreshment of the sample before each laser shot avoided accumulation of photoproducts and bleached molecules. As the sample was degraded by the UV probe light, it was exchanged on a daily basis.
The photo-induced absorption changes were monitored with a silicon photodiode in a pump͞unpumped single-shot detection scheme. The probe light intensity was also measured and taken for reference. To account for scattering particles, 0.1-1% of the shots with smallest transmission were disregarded. The five subsequent time scans were averaged, i.e., each point was an average of 10,000 laser shots. The detection limit of the experiment was ⌬OD ϭ 10 Ϫ4 to 10 Ϫ5 , depending on the scattering behavior of the sample.
